Fatigue life of soft wood pulp fibers has been measured using torsion pendulum method. The fatigue life of wet pulp fibers decreases with an increase in torque and axial load. At the same stress level, the fatigue life of kraft fibers was greater than that of sulfite fibers. Drying and dry-wet cycles reduce the fatigue life of fibers.
INTRODUCTION
Many researchers have studied tensile properties of single pulp fibers, since the significance of the mechanical properties of paper-making fibers has been well recognized from scientific and practical standpoints. Page et al. ' ) have found that the tensile strength of dry single fibers with no obvious defects is controlled by the fibril angle regardless of wood species and fiber types, and it fits Hill's criterion of fracture for orthotropic materials.
They have also suggested that the defects such as pits, wrinkles, node and dislocations, which initiate failure, decrease the fiber strength. In order to understand more precisely the fracture mechanisms of pulp fibers, fracture mechanics in stochastic process should be applied to the analysis. The fatigue phenomena of pulp and paper are of importance in many practical situations involving beating of pulp, recycling and repeated folding of paper, however the investigation on this problem has scarcely been reported.
A possible reason for this is the lack of adequate information for fatigue phenomena of single pulp fibers.
The present work deals with the fatigue phenomena of single pulp fibers using the torsion pendulum method.
EXPERIMENTAL

Pulp preparation
Unbleached kraft pulp of 47 per cent yield was prepared from handmade chips of latewood of Akamatsu (P. denstilora). The pulp was delignified by the sodium chlorite-acetic acid method at room temperature and defibered by gentle agitation. Sulfite pulp was also prepared from the Akamatsu latewood for comparison.
Apparatus and Procedure
The torsion pendulum systems used were described in a previous paper2). In the present work, the apparatus was controlled automatically by a micro processor so that the sample fiber was twisted repeatedly under a constant torque. The free damping oscillations were recorded at regular time intervals until the fiber breakage.
Relative torsional rigidity and logarithmic decrement were calculated from the free damping oscillation curve. Fatigue life was defined as the number of cycles at which the fiber was broken.
The fatigue tests were carried out in wet state with about 50 fibers under stress levels in combination of three levels of torque (3, 6, 10 nNm) and three levels of axial load (1, 3, 5 g ).
Since the history of drying of pulp has a remarkable effect on the lamellae structure of the fiber, the kraft fibers were tested with the following programs: (1) The never-dried fibers were tested without any drying at 20°C. (2) After 10 cycles of drying and rewetting at 20°C, the fibers were tested in wet state. (3) After 10 cycles of drying at 80°C and rewetting at 20°C, the fibers were tested in wet state. For comparison, dried fibers were tested at 20°C and 65%RH.
RESULTS AND DISCUSSION
Variation of the torsional properties under
repeated torsional stress Figure 1 shows variation of the torsional rigidity and logarithmic decrement with the number of cycles for a dry pulp fiber. The fiber was free from optically obvious defects. The torsional rigidity decreases slightly with an increase in the number of cycles, while the decrement increases. Figure 2 shows variation of the rigidity and decrement with the number of cycles for a never-dried fiber from the same pulp. The torsional rigidity decreases stepwise with an increase in the number of cycles, and the fatigue failure occurs at about 50 per cent of the initial rigidity. It is also seen that the decrement exhibits several peaks in the fatigue process and a considerable increase before the breakage. The water within small interstices of a cell wall may absorb a part of a given energy, and delamination of the cell wall caused by swelling leads to dispersion of internal stress. Therefore, microcracks propagate gradually through the cell wall and further delamination may occur successively. In view of this, it seems likely that the decrease in the rigidity and the peaks of decrement reflect the changes in internal structure of wet fibers. On the other hand, dry fibers have smaller fatigue life than wet fibers, this may be the results of stress concentration inherent in defects and of the low damping.
Fatigue lives of single pulp fibers
Fatigue phenomena of materials such as glass and metal have been generally regarded as a stochastic process.
In the present work, the fracture mechanics in stochastic process proposed by Yokobori3l was applied to the frequency distribution of fatigue lives of single pulp fibers.
Theory
If a fiber has probability of breakage m at each cycle of a fatigue test, the probability of breakage at a cycle after Nth cycle is
and the probability of breakage after Nth cycle (the "frequency of survival") is
where Zn is the number of broken fibers at n th cycle and k is the number of tested fibers. Assuming N_??_l, we can regarded N as a continuous variable. Hence T-10
Integration of Eq. (4) leads to the result,
In P=-mN, or log 10 P = -0.4343 mN (5) because P=1 at N=O. The frequency of survival P is obtained from the histogram of fatigue life. If a plot of logP against N gives a straight line, the slope provides the constant, -0.4343m. That is, a linear relationship between logP and N implies that each tested fiber is broken, with a constant probability, by a twisting at each cycle.
Furthermore, the mean fatigue life N is given by Eq. (6), provided the probability m is constant.
(6) and the variance a' is given by Eq. (7). (7) Consequently, the coefficient of variation a/N is always 100 per cent. In present work, the coefficient of variation obtained varied from 95 to 120 per cent.
Application Figure 3 illustrates the plot of logP vs. N for wet fibers of Akamatsu latewood kraft pulp. The fibers were tested under three different levels of axial load and a constant torque. An approximately linear relationship exists between logP and N after the latent cycles of survival. Therefore, the probability of breakage at each twist cycle is almost constant. The fact suggests that microcracks within a fiber wall propagate with a constant probability during the fatigue test. These structural changes in the wall may be reflected on the variation of the decrement with the number of cycles which has been shown in Fig. 2 .
It is also seen that an increase in axial load makes the slope of plot of logP vs. N steep. The findings suggest that the mean fatigue life decreases with an increase in axial load as a result of an increase in the probability of breakage m. Similar findings are observed with the fatigue tests under different levels of torque and a constant axial load (Fig. 4) . It is seen that the mean fatigue life suggestion was confirmed by measurement of the fiber saturation point (total pore volume) and specific surface area of pulp fibers by means of the solute exclusion method" as a function of concentration to the defects caused by drying, because the relationship between logP and N for the fibers subjected to dry-wet cycles is nonlinear in comparison with the untreated fibers. It was, therefore, suggested that the dry-wet cycle led to irreversible changes in the wall structure, and the formation of defects.
